C5a regulates the development of maladaptive immune responses in allergic asthma mainly through the activation of C5a receptor 1 (C5aR1). Yet, the cell types and the mechanisms underlying this regulation are ill-defined. Recently, we described increased C5aR1 expression in lung tissue eosinophils but decreased expression in airway and pulmonary macrophages as well as in pulmonary CD11b
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Introduction
Allergic asthma is a chronic pulmonary disease which manifests as an inappropriate immune response to aeroallergens in susceptible individuals. Allergic asthma is characterized by a Th2/ Th17 maladaptive immune response. In the last decades, the anaphylatoxins C3a and C5a and their cognate receptors have been recognized as important regulators of the development of the disease [1] . In particular, C5a exerts dual functions during the sensitization and the effector phase of allergic asthma [1, 2] . Pharmacological targeting of C5aR1 during the sensitization phase increases the severity of the asthmatic phenotype, while targeting of C5aR1 during the effector phase reduces the allergic asthma phenotype [2, 3] . In addition, the C5a/C5aR1 signaling axis has been identified as a main regulator of dendritic cell (DC) functions and the development of maladaptive Th2/Th17 immune responses [4, 5] . Furthermore, pDCs can suppress myeloid dendritic cell functions by a C5aR1-dependent mechanism [2, 6] . More recent studies have broadened our understanding regarding the role of C5aR1 in DC functions. Adoptive transfer of C5aR1 -/-bone marrow derived (BM)DCs demonstrated that C5aR1 controls the differentiation of myeloid-derived suppressor cells from BM cells thereby suppressing DCdependent T cell proliferation and differentiation [7] . Further, a recent study using a GFP-C5aR1 knock-in mouse demonstrated that C5aR1 expression is regulated in several innate immune cells that play important roles for the development of the allergic phenotype during the effector phase. More specifically, C5aR1 expression was downregulated in airway and tissue alveolar macrophages, CD11b + conventional (c)DCs and monocyte-derived (mo)
DCs but upregulated in eosinophils in an OVA-induced allergic asthma experimental model using GFP-C5aR1 fl/fl mice [8] .
In addition to DCs, three cell populations express C5aR1 in the lungs at steady state, i.e. airway and tissue alveolar macrophages (AMs), eosinophils and neutrophils [8, 9] . So far, no role for C5aR1 has been reported for eosinophil activation in allergic asthma, although C5a is a potent chemoattractant and activator of eosinophils [10, 11] . Furthermore, C5a increases the adhesion of eosinophils through upregulated expression of CD11b [12] . Further, C5aR1 regulates macrophages functions. For example, C5a suppresses TLR-induced IL-12 family cytokine production but promotes and enhances IL-6 production from macrophages [13] [14] [15] . However, alveolar macrophages are an atypical macrophage population which strongly expresses CD11c and SiglecF [16] but lacks the expression of C3aR [17] . In alveolar macrophages, C5aR1 has been reported in a lung Arthus reaction model [18] . Similarly, C5aR1 is a well-known regulator of neutrophil functions [19] . However, its role in resident pulmonary and inflammatory neutrophil regulation during allergic asthma is ill-defined.
Until recently, tools were lacking to determine in situ functions of C5aR1 in specific pulmonary cell types in allergic asthma models. To close this gap, we generated LysM-C5aR1 KO mice by crossing GFP-C5aR1 fl/fl knock-in with LysMCre mice [9] . In LysM-C5aR1 KO mice, we observed the expected conditional C5aR1 deletion in LysM-expressing cells, such as neutrophils and macrophages rendering them insensitive to C5a activation [9] . Here, we used C5aR1 fl/fl and LysM-C5aR1 KO mice in a model of OVA-driven experimental allergic asthma to assess the impact of conditional C5aR1 deletion inLysM-expressing cells on their recruitment to the airways and the lung tissue and the development of allergic asthma.
Materials and methods

Mice
GFP-C5aR1 fl/fl and LysM-C5aR1 KO were described previously [9] . All mice were bred and maintained at the University of Lübeck specific pathogen-free facility and used for experiments at 8-12 weeks of age. Animal care was provided in accordance with German rights. This study was reviewed and approved by the Schleswig-Holstein state authorities (Nr. V242-30397/2016 (56-5/16)).
Experimental ovalbumin (OVA)-driven allergic asthma model
The OVA-induced asthma model was performed as described previously [8] . Briefly, mice were immunized by intra-peritoneal (i.p.) injection with OVA-Alum (200μg/2mg) on days 0 and 7 and challenged intratracheally (i.t.) with 750 μg OVA (in 50 μl PBS) on days 14, 16, 18, and 20. On day 21, 24 h after the last i.t. administration, airway hyperresponsiveness (AHR) was determined and tissue samples were harvested for further analysis.
Determination of airway hyperresponsiveness
Mice were anaesthetized by i.p. injection of 50 μl Ketavet/Rompun (190 mg/kg bodyweight/ 12 mg/kg bodyweight respectively, Pfizer/Bayer). Muscle relaxation was induced by administration of 50 μl of Esmeron (25 mg/kg bodyweight, Organon). AHR was measured in anesthetized mice that were mechanically ventilated using a FlexiVent (SciReq) system as described [7, 20] . Aerosolized acetyl-β-methyl-choline (methacholine) (0, 2.5, 5, 10, 25, and 50 mg/ml; Sigma-Aldrich) was generated by an ultrasonic nebulizer and delivered in-line through the inhalation port for 10 seconds. Airway resistance was measured two minutes later.
Collection of bronchoalveolar lavage (BAL) fluid and differential cell counting
BAL fluid samples were obtained by cannulating the trachea, injecting 1 ml of ice-cold PBS, and by subsequently aspirating the BAL fluid. Then, the volume of the aspirated BAL fluid was recorded. After red blood cell lysis, BAL fluid cells were washed once in PBS and counted using a Neubauer chamber (Assistant, Germany), and calculated as cells/ml based on the cell count and the volume of the aspirated BAL fluid. Frequencies of BAL fluid cells were determined by flow cytometry. Cell numbers of defined BAL cell populations were calculated using the frequency of such cells, as determined by flow cytometry, and the total BAL cell number per ml.
Antibodies
Monoclonal 
Lung cell isolation and flow cytometric analysis
Liberase TL (Roche) 0.25 mg/ml and DNaseI 0.5 mg/ml (Sigma-Aldrich) digests of the lungs were prepared to obtain single lung cell suspensions. Phenotypic characterization of cells was performed on a BD LSRII or an ARIA III flow cytometer using recently published gating strategies [8, 9, 16] . ILC2s were identified as Lineage− cells lacking the expression of lineage markers associated with T cells (CD3, CD5, TCR and CD27), B cells (B220), macrophages (CD11b), DCs (CD11c) and natural killer (NK) cells (NK1.1, CD49b). These Lineage− cells expressed CD90.2 (alloantigen Thy-1), CD25 (α-chain of the receptor for IL-2) and CD127 (α-chain of the receptor for IL-7) [21] .
Lung histology
Lung histological staining, detection and quantification of mucus cell content were done as described previously [22] . Serial sections of lungs from PBS-or OVA-treated mice were stained either with hematoxylin and eosin (H/E), or periodic acid-Schiff (PAS). Airways of four lung sections were counted by light microscopy. To evaluate the frequency of mucus producing airways in the different groups, PAS positive airway frequencies were calculated as the percentage of number of PAS positive airways relative to the total number of airways.
RNA isolation from CD4
+ CD44 + 
CD62L -T effector cells and real time PCR
CD62L
-effector T cells were sorted using a BD FACS ARIA III. RNA was isolated using Trizol reagent according to the manufacturer's instructions (Invitrogen). Reverse transcription reaction of total RNA was performed after degradation of contaminating genomic DNA using DNase I (Fermentas), using a first strand cDNA synthesis kit (Revertaid Premium, Fermentas). Quantitative PCR was done using iQSyber green (Biorad) on a CFX96 real-time PCR system (Biorad) using the specific primers (Eurofin) as previously described [8] . Differentiation of T helper (Th) cells was evaluated by amplifying Th-specific transcription factor mRNAs: TBX21 (Th1) 5'-GGTGTCTGGGAAGCTGAGAG-3' (sense) and 5'-ATCCTGTAA TGGCTTGTGGG-3' (antisense), GATA3 (Th2) 5'-GCCTGCGGACTCTACCATAA-3' (sense) and 5'-AGGA TGTCCCTGCTCTCCTT-3' (antisense), RORγT (Th17) 5'-CCGCTGAGAGG GCTTCAC-3' (sense) and 5'-TGCAGGA GTAGGCCACATTACA-3' (antisense) and FoxP3 (Treg) 5'-CCCATCCCCAGGAGTCTTG-3' (sense) and 5'-ACCATGACTAGGGGCACTGTA-3' (antisense). To determine the cytokine expression, we amplified the mRNA for IL-13 using 5'-CCTGGCTCTTGCTTGCCTT-3' (sense) and 5'-GGTCTTGTGTGATGTTGCTCA-3' (antisense) primers, and IL-17A using 5'-CTCCAGAAGGCCCTCAGACTAC-3' (sense) and 5'-AGCTTTCCCTCCGCATTGACACAG-3' (antisense) primers. In all samples, actin mRNA was amplified using the primers 5'-GCACCACACCTTCTACAATGAG-3' (sense) and 5'-AAATAGCACAGCCTGGATAGCAAC-3' (antisense) and used as an internal control. Real-time RT-PCR data were analyzed using CFX Manager Software 3.1 (Bio-Rad).
Statistical analysis
Statistical analysis was performed using the GraphPad Prism version 5 (GraphPad Software, Inc.). Normal distribution of data was tested using the Kolmogorov-Smirnov or D'AgostinoPearson tests, some after log transformation. When groups were normally distributed, statistical differences between two groups were analyzed by unpaired t test. Comparisons involving multiple groups were first analyzed by ANOVA followed by Tukey's test. When groups were not normally distributed, they were analyzed using a Mann-Whitney U (two groups), or an 
Results
GFP-C5aR1 is conditionally deleted in pulmonary neutrophils, macrophages and DCs but not in eosinophils
The lys2 gene, encoding for the lysozyme (Lys)M protein, is expressed specifically by neutrophils and macrophages [23, 24] . In agreement, the expression of C5aR1 were abrogated in BM-neutrophils and peritoneal macrophages from LysM-C5aR1 KO mice [9] . Furthermore, we observed that, at steady state, LysM-C5aR1 KO airway and tissue-associated AMs, but not eosinophils were negative for GFP (Fig 1A) , indicating that LysM + pulmonary cells lost the expression of C5aR1. The GFP signal in pulmonary neutrophils of LysM-C5aR1 KO mice was low and similar to what we had observed in BM neutrophils [9] . Furthermore, we noticed that the absence of C5aR1 in AMs resulted in a small but significant increase in the number of AMs in the airways of LysM-C5aR1 KO compared to GFP-C5aR1 fl/fl mice ( Fig 1B) . In contrast, the number of tissue-associated AMs and neutrophils did not differ in the two strains ( Fig 1C) . In addition, the two pulmonary DC populations reported to express GFP-C5aR1, CD11b + cDCs and moDCs [8, 9] , were negative for GFP-C5aR1 in the LysM-C5aR1 KO mice (Fig 1D) , suggesting that these cell types also express LysM. However, no change in the number of DCs in lungs of GFP-C5aR1 fl/fl or LysM-C5aR1 KO mice could be observed (Fig 1E) .
Similar AHR, airway inflammation and mucus production in GFP-C5aR1 fl/fl and LysM-C5aR1 KO mice upon OVA-driven allergic asthma Next, we determined the impact of C5aR1 deletion in LysM-expressing cells for the development of experimental OVA-driven allergic asthma. Upon OVA-induced allergic asthma, GFP-C5aR1 fl/fl and LysM-C5aR1 KO mice showed a significant increase in AHR in response to increasing concentrations of methacholine compared to PBS-treated control mice (Fig 2A) . However, the methacholine dose response curves obtained in GFP-C5aR1 fl/fl and LysM-C5aR1 KO mice were indistinguishable. The analysis of the BAL cell composition revealed a strong inflammatory cell influx into the alveolar space of GFP-C5aR1 fl/fl mice in OVA-treated mice as compared with the PBS controls, which was slightly lower in LysM-C5aR1 KO mice (Fig 2B) . Neutrophils were the dominant cell population in OVA-challenged GFP-C5aR1 fl/fl and LysM-C5aR1 KO mice. Importantly, the number of airway neutrophils in LysM-C5aR1 KO mice was significantly lower than in GFP-C5aR1 fl/fl mice, suggesting that the C5a/C5aR1 axis controls the neutrophil recruitment into the airways. In both strains, the eosinophils showed a modest but similar increase upon allergic asthma. Also, the AM numbers did not differ between both strains suggesting that the absence of C5aR1 on macrophages is not critical for their recruitment into the alveolar space (Fig 2B) . Finally, the recruitment of T cells was similar in both strains. Next, the production of mucus by goblet cells in the different groups was evaluated (Fig 2C  and 2D ). Compared to PBS-treated control mice, GFP-C5aR1 fl/fl and LysM-C5aR1 KO mice showed a significant but similar increase in the frequency of mucus-positive airways upon OVA challenge (Fig 2D) . In summary, deletion of C5aR1 in LysM-expressing cells results in significantly reduced airway neutrophilia, whereras eosinophilic and T cell airway inflammation is not altered. The reduced airway neutrophil number did not affect AHR or mucus The C5a/C5aR1 axis in LysM-expressing cells is dispensable for OVAdriven accumulation of pulmonary neutrophils, macrophages and DCs
In the next step, we evaluated the pulmonary cell infiltration. Histologically, we found a strong recruitment of cells to the area between airways and blood vessels in response to OVA( Fig  3A) . Flow cytometric analysis showed that the number of eosinophils slightly increased after OVA challenge conditions (Fig 3B; left panel) . Further, the neutrophil numbers in the lung significantly increased upon OVA challenge as compared to PBS controls (Fig 3B; middle panel) . Similarly, macrophage numbers strongly increased in GFP-C5aR1 fl/fl and LysM-C5aR1 KO mice in response to repeated OVA administration as compared to PBS controls (Fig 3B; right  panel) . However, when we compared the number of cells in the GFP-C5aR1 fl/fl and LysM--C5aR1 KO mice, we found no differences in the recruitment of eosinophils, macrophages or neutrophils in OVA-driven allergic asthma conditions. In line with the increase of innate inflammatory cells upon OVA challenge, CD103 + cDCs markedly increased in the lungs of GFP-C5aR1 fl/fl and LysM-C5aR1 KO mice in response to OVA (Fig 3C; left panel) . CD11b + cDCs increased only modestly after OVA challenge (Fig 3C; middle panel). MoDCs, which were almost completely absent in PBS-treated mice, were massively recruited into the lung upon OVA challenge (Fig 3C; right panel) . We observed no differences in the recruitment of the DC subsets after OVA administration between GFP-C5aR1 fl/fl and LysM-C5aR1 KO mice. Thus, C5aR1 deletion in LysM-expressing cells does not affect the recruitment of pulmonary neutrophils, macrophages, CD11b + or CD103 + cDCs as well as moDCs in OVA-driven allergic asthma.
C5aR1 signaling in LysM-expressing cells has no impact on pulmonary accumulation and skewing of CD4 + T cells (Fig 4C) . In addition to CD4 + T cells, the number of type 2 innate lymphoid cells (ILC2) increased in the lungs of asthmatic LysM-C5aR1 KO and GFP-C5aR1 fl/fl mice following OVA-immunization (Fig 4D) . In summary, the absence of LysM-C5aR1 KO mice were similar (Fig 5A) .
In line with the increased numbers of DCs upon OVA challenge, we also observed higher numbers of total CD4 + , CD44 + CD62L
-and CD44 -CD62L + T cells in the mLNs after OVA challenge, which were comparable in the two strains ( Fig 5B) .
Discussion
C5a regulates the development of experimental allergic asthma during allergen sensitization and the effector phase through activation of its two cognate receptors C5aR1 and C5aR2 [1] . The relative importance of C5aR1 expression and activation on defined immune cells of the innate and the adaptive immune system during the course of the disease remains elusive. Recently, we reported the expression of C5aR1 in pulmonary neutrophils, macrophages, CD11b + cDCs and moDCs using a floxed GFP-C5aR1 knock-in mouse [9] . In addition, we demonstrated that the expression of C5aR1 was modulated in eosinophils, AMs and DCs in an OVA-induced allergic asthma model [8] . Breeding the GFP-C5aR1 fl/fl reporter mouse to a LysMCre mouse resulted in a LysM-C5aR1 KO, in which C5aR1 was specifically deleted in neutrophils and macrophages [9] . Here, we used these two mouse strains as tools to delineate the impact of C5aR1-specific deletion in LysM-expressing cells on the development of different characteristics of allergic asthma. LysM has been described in neutrophils and mature macrophages [24] , and the conditional deletion of GFP-C5aR1 was shown in BM-neutrophils and peritoneal macrophages [9] . However, alveolar macrophages differ from other tissue macrophages through the strong expression of SiglecF and CD11c [16] . First, we demonstrated that in both, airway and tissueassociated alveolar macrophages GFP-C5aR1 was deleted under steady state conditions and in response to PBS-treatment in LysM-C5aR1 KO mice, confirming that LysM is expressed in alveolar macrophages [25] . In addition, we showed that lung neutrophils show a marked decrease of GFP and C5aR1 expression in LysM-C5aR1 KO mice. This decrease was similar to what we had observed in bone marrow neutrophils. Importantly, C5a failed to induce any increase in intracellular Ca 2+ in bone marrow neutrophils, confirming efficient deletion of the IRES C5ar1 cassette. In support of this view, C5aR1 expression was absent in bone marrow neutrophils from LysM-C5aR1 KO mice in Western blot analysis [9] . In contrast, tissue resident eosinophils from LysM-C5aR1 KO mice did not show any reduction of the GFP-C5aR1 signal when compared to the GFP-C5aR1 fl/fl controls. The absence of C5aR1 in neutrophils and AMs of LysM-C5aR1 KO mice did not affect their numbers in the airways in response to PBS-treatment. In contrast, the number of airway AMs was higher in the absence of C5aR1 when compared to GFP-C5aR1 fl/fl controls. This may indicate that activation of the C5a/ C5aR1 axis is an important control mechanism for AM survival in the airways since fl/fl or LysM-C5aR1 KO mice. Values shown are the mean ± SEM; n = 6-9 per group. Asterisks indicate significant differences between the PBS and OVA treatment groups; * p<0.05, ** p<0.01, and *** p <0.001.
https://doi.org/10.1371/journal.pone.0184956.g003
C5aR1 in LysM-expressing pulmonary immune cells C5aR1 in LysM-expressing pulmonary immune cells C5aR1-induced apoptosis of AMs has been described in an acute lung injury model [26] . In addition to AMs, we observed that not only resident moDCs were negative for GFP-C5aR1 but also CD11b + cDCs. Since monocytes express large amounts of lysozyme and can give rise to pulmonary moDCs [27] , our observation suggests that the fraction of C5aR1 + CD11b + cDCs may originate from monocytes.
We assessed the asthma phenotype in LysM-C5aR1 KO and their GFP-C5aR1 fl/fl littermates in an experimental OVA-driven allergic asthma model. Surprisingly, both strains developed a strong but similar allergic phenotype with comparable AHR and mucus production. However, neutrophilic airway inflammation was markedly reduced in asthmatic LysM-C5aR1 KO as compared with GFP-C5aR1 fl/fl mice. C5a is a major chemoattractant for neutrophils [28] that can be found in human allergic airways [29, 30] and in mice upon cowshed dust extract administration [31] . These data suggest that the C5a/C5aR1 axis plays a major role in the recruitment of neutrophils into the airways. Surprisingly, the accumulation of neutrophils in the lung tissue is not affected by the absence of C5aR1, suggesting that only the neutrophilic C5aR1 in LysM-expressing pulmonary immune cells migration from the lung tissue into the airways but not the initial migration into the lung tissue depends on C5a/C5aR1 signaling.
The conditional depletion of C5aR1 in AMs did not change their numbers in the airways or lung tissue under inflammatory conditions. This observation is in line with our earlier report showing that upon allergic asthma inflammation, AMs lose the expression of C5aR1 [8] , suggesting that activation of C5aR1 is important for AM function at steady state rather than during the inflammatory process. Further, C5aR1 has been shown to be an important regulator of TLR4 signaling [14, 15] and may regulate tolerogenic programming in resting AMs [32] .
The absence of C5aR1 in CD11b + cDCs and moDCs did not result in changes in DC numbers in lung and mLNs, similar to what we observed in adoptive transfer models of allergenpulsed bone marrow DCs [20] . Among the pulmonary DC subsets, CD11b + cDCs but not moDCs have been reported as the dominant cell type driving Th2 cell differentiation in vivo [16] . Our data show that the conditional depletion of C5aR1 in CD11b + cDCs did not affect the development of Th2/Th17 cells in the OVA model of allergic asthma, similar to what was reported using C5aR1 -/-BMDCs [7, 20] . These data support the idea that C5aR1 is mainly expressed in DCs of monocytic origin, which regulate proliferation and differentiation of Th cells only at high antigen concentrations [16] . Furthermore, our data suggest that the expression of C5aR1 in eosinophils might be more important than previously thought. Since C5aR1 is still expressed in LysM-C5aR1 KO eosinophils, our data suggest a role of eosinophilic C5aR1 in the development and/or severity of the allergic asthma phenotype. This is supported by the observations that upon allergic asthma conditions, the expression of C5aR1 is increased in eosinophils [8] . The availability of eosinophil-specific Cre deleter mice [33] will help to delineate the role of the C5a/C5aR1 axis in these cells for the development of allergic asthma.
Collectively, we demonstrate that C5aR1 is specifically deleted in pulmonary neutrophils, macrophages and moDCs in LysM-C5aR1 KO mice. We show that this mouse strain proves useful to determine the impact of C5aR1 on the pulmonary recruitment of LysM-expressing cells and the development of allergic asthma. While the absence of C5aR1 impaired the recruitment of neutrophils from the lung into the airway, this decreased recruitment did not affect the allergic phenotype. Our findings further suggest that the C5a/C5aR1 axis plays a surprisingly minor direct role for the recruitment of neutrophils, macrophages and moDCs into the lung tissue. Finally, we demonstrate that C5aR1 activation of LysM-expressing cells does not contribute to the development and severity of allergic asthma. Future studies using Cre deleter rmice that will allow specific deletion of C5aR1 in bona fide cDCs, eosinophils, basophils, or mast cells will help to broaden our understanding of how the C5a/C5aR1 axis regulates allergic asthma development.
